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Naı¨veAbstract In the present work, photocatalytic degradation of methylene blue has been carried out
using naı¨ve titanium dioxide, nano-sized titanium dioxide and H2O2 under visible light. The cata-
lysts, naı¨ve and nano-sized titanium dioxide were prepared by the sol–gel method. Characterization
of synthesized catalysts has been done by scanning electron microscopy (SEM), X-ray diffraction
(XRD) and UV–Visible spectroscopy. The rate of degradation of dye was monitored spectropho-
tometrically by measuring absorbance of dye at regular time intervals. The effect of various param-
eters such as pH, concentration of dye, amount of catalyst, amount of H2O2 and light intensity on
the rate of reaction has been studied. Various parameters like chemical oxygen demand (COD),
conductance, pH, TDS, salinity and dissolved oxygen (DO) for the reaction mixture have also been
determined. A tentative mechanism for degradation of dye has been proposed involving OH radical
as an oxidant. The participation of OH radical has been conﬁrmed by using 2-propanol (scavenger)
as the rate of reaction was drastically reduced in its presence.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Increasing demand and shortage of clean water sources due to
the rapid development of industrialization, population growth
and long-term droughts have become a burning issue world-
wide. With this growing demand, various practical strategies
and solutions have been adopted to yield more viable water
resources [1]. The presence of various pollutants such as
CO2, NOx, SOx, organic dyes, organic hydrocarbons and
Naive and nano-sized titanium dioxide as a photocatalyst 529gasoline generated as a result of many industrial reactions has
caused severe environmental problems [2]. Glaze et al. [3]
deﬁned Advanced Oxidation Processes (AOPs) as ‘‘near ambi-
ent temperature and pressure water treatment processes, which
involve the generation of hydroxyl radicals in sufﬁcient quan-
tity to effect water puriﬁcation’’. The hydroxyl radical (OH) is
a powerful, non-selective chemical oxidant, which acts very
rapidly with most of the organic compounds.
AOPs provide a good technology to reduce the contami-
nants’ concentration from ppm to ppb. That is why, these
are called water treatment processes of the 21stcentury [4].
The superiority of photocatalytic technique in wastewater
treatment is due to some of its advantages over the traditional
techniques, such as quick oxidation, no formation of poly-
cyclic products, oxidation of pollutants in the ppb range [5,6].
The nano-scale semiconductor is expected to have higher
photocatalytic activity than in bulk form [7–9]. The hydroxyl
radicals and photogenerated holes are extremely strong, non-
selective oxidants that degrade methylene blue at the surface
of the nanoparticles of TiO2 [10,11]. The performance of
nanoparticles of TiO2 was enhanced due to bandgap narrow-
ing, high concentration of oxygen vacancies, Ti+3 centres
and other effects [12–14].
Nanopowders have a combination of small particle size,
narrow size distribution and high surface area to volume ratio.
This powder shows a dramatic increase in photocatalytic
action and increased strength, hardness and cutting efﬁciency.
TiO2 is an excellent material for photocatalytic applications,
such as the remediation of pollutants, water splitting, the
destruction of highly toxic molecules, the selective and synthet-
ically redox transformations, the production of hydrogen, and
for the conversion of solar energy to electric power [15,16].
Kalpagam and Kannadasa [17] reported the synthesis of
TiO2 nanoparticles by the hydrothermal method and used
these for the degradation of bromo cresol green and fer-
rochrome black T dyes. Lin et al. [18] reported the use of
nanocrystalline TiO2 for the degradation of some dyes i.e.
methylene blue, methyl orange and indigo under visible light.
Nanophotocatalyst has been successfully used for the treat-
ment of hazardous materials such as industrial efﬂuents con-
taining dyes [19].
Wang et al. [20] studied the photocatalytic performance of
the synthesized TiO2 powders, which is comparable to that of
commercial P25 powders for UV light degradation and visible
light degradation. Rao et al. [21] reported the nano-TiO2 pow-
der synthesized using microwave oxygen plasma and used it
for the degradation of methylene blue.
Hayle and Gonfa [22] studied the particle size of the synthe-
sized TiO2 nanomaterial at calcination temperatures of 250,
400 and 600 C, which were found as 9.22, 14.33 and
36.72 nm, respectively. Kim and Choi [23] studied the effects
of nano-sized platinum deposits, dioxygen and electron donors
on the kinetics and mechanism of trichloroacetate (TCA)
degradation in UV-illuminated TiO2 suspensions.
Now-a-days the importance of heterogeneous photocat-
alytic process has increased for the degradation of pollutants
present in efﬂuents. In the present work, a novel visible light
sensitive naı¨ve and nano-sized titanium dioxide has been pre-
pared by the sol–gel method. These catalysts have been used
for the degradation of methylene blue dye under visible light
in the presence of H2O2.2. Experimental
2.1. Materials and methods
2.1.1. Chemicals used
Titanium (III) sulphate (BDH), hydrogen peroxide solution
(30% w/v) (Fischer Scientiﬁc) and methylene blue (Reidel)
were used in the present investigation. All the solution was pre-
pared in double distilled water.
2.1.2. Preparation of naı¨ve and nano-sized titanium dioxide
10 mL of titanium (III) sulphate was added to 40 mL of dil.
HCl, which resulted in a transparent solution. This transparent
solution was placed in an ice-water bath and magnetically stir-
red for 50 min giving a violet coloured solution. The pH of vio-
let coloured solution was adjusted to 7.0 by drop-wise addition
of ammonia. It was stirred for 24 h, which results in giving a
white solution. This solution was ﬁltered with the help of
Whatmann ﬁlter paper in a Buchner funnel and washed thor-
oughly with distilled water until no SO4
2 was detected in the
washings by barium chloride test. The white precipitate was
ultrasonically dispersed in 60 mL of distilled water for 9 h.
50 mL hydrogen peroxide was added to this solution and
was further stirred for 50 h. It was heated using a reﬂux con-
denser with stirring at 100 C for 6–8 h. After that, it was ﬁl-
tered with Whatmann ﬁlter paper in Buchner funnel. This
gives naı¨ve titanium dioxide. Part of the so obtained naı¨ve
TiO2 was air dried for 6–8 h and calcined at 700 C in a mufﬂe
furnace for 6 h to get nano-sized titanium dioxide (Fig. 1).
These catalysts have been used for the degradation of
methylene blue. Stock solution of methylene blue
(1.0 · 103 M) was prepared. Degradation of dye was
observed by taking 40.0 mL mixture of 7.50 · 106 M dye
solution, 0.5 mL H2O2 and 0.050 g titanium dioxide and irra-
diating it with a 200 W tungsten lamp (Philips). The intensity
of light from the lamp was measured using a Solarimeter
(SM CEL 201). A water ﬁlter was used to cut off thermal radi-
ations. A digital pH metre (Systronics Model 335) was used to
measure the pH of the reaction mixture. The pH of the solu-
tion was adjusted by the addition of previously standardized
0.1 N sulphuric acid and 0.1 N sodium hydroxide solutions.
The progress of the dye degradation was monitored by mea-
suring the absorbance of the reaction mixture at regular time
intervals using UV visible spectrophotometer (Systronics
Model 106). Different quality parameters for polluted and
treated water were determined by using water analyser
(Systronics Model 371).
2.2. Characterization
2.2.1. X-ray diffraction (XRD)
The crystallinity of naı¨ve TiO2 powder was determined by X-
ray diffraction (XRD) using XPERT-PRO diffractometer with
Cu Ka radiation. The accelerating voltage and the applied cur-
rent were 35 kV and 20 mA, respectively. The XRD pattern of
naı¨ve TiO2 does not show any peak, which indicates that the
naı¨ve TiO2 particles were amorphous in nature Fig. 2(A),
which is in good agreement with reported standard [24].
TiO2 prepared by this method existed only in amorphous
form as evidenced by its XRD pattern. The phase composition
Ti2(SO4)3
dil. HCl
 liq. NH3
Violet coloured solutioni l t l  l ti
White precipitate
Distilled water
 H2O2
TiO2 sol
 100 0C
Dried at room temperature
Dried at room temperature
 700 0C (Muffle furnance)
TiO2 nanoparticles
Figure 1 Schematic representation of catalyst preparation.
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nanoparticles were determined by XRD analysis. The XRD
pattern of the titanium dioxide nanoparticles after calcination
is shown in Fig. 2(B). The XRD exhibits different crystalline
phase of nano-sized TiO2 thin ﬁlm were TiO2 (101), TiO2
(004), TiO2 (105), TiO2 (200), TiO2 (204), and TiO2 (211).
Diffraction patterns were recorded over the 2h range from
10 to 100 with a step size of 0.05. From the diffraction peaks
(Fig. 2(B)), it was observed that the synthesized sample (nano-
sized TiO2) showed tetragonal structure. The experimental
XRD pattern agrees with the JCPDS card No. 21-1272 (ana-
tase TiO2) and the XRD pattern of TiO2 nanoparticles other
literature [25]. The 2h at peak 25.4 conﬁrms the TiO2 anatase
structure [26]. Strong diffraction peaks at 25 and 48 further
support TiO2 in the anatase phase [27]. There was no any spu-
rious diffraction peak found in the sample. The 2h peaks at
25.27 and 48.01 conﬁrm its anatase structure. The intensity
of XRD peaks of the sample reﬂects that the formed nanopar-
ticles are crystalline and broad diffraction peaks indicate very
small crystallite size.
2.2.2. X-ray photoelectron spectroscopy (XPS)
XPS measurements were performed with a VG Scientiﬁc
ESCALAB Mark II spectrometer equipped with two ultra-
high-vacuum (UHV) chambers. According to the X-ray photo-
electron spectroscopy (XPS) survey spectrum of naive TiO2,
the sample contains only Ti (Fig. 2(C)) and O (Fig. 2(D)).Binding energies for Ti 2p3/2 and O 1s are 458.4 and
529.7 eV, respectively. XPS signals of Ti 2p were observed at
binding energies at around 458.5 eV (Ti 2p3/2) and 464.3 eV
(Ti 2p1/2). The Ti 2p peaks were in good agreement with pure
TiO2. There was a peak at 531.3 eV, which conﬁrms O 1s. This
also indicates that the titanium atom is bonded with oxygen.
2.2.3. Scanning electron microscopy (SEM)
The morphology of the synthesized naı¨ve and nanoparticles of
titanium dioxide was studied by SEM. It was recorded on the
JEOL JSM-6390LV SEM ﬁtted with secondary electron detec-
tor. The SEM micrographs of these synthesized samples are
shown in Fig. 3. Fig. 3(A) shows an even distribution for
naı¨ve TiO2 particles, while Fig. 3(B) shows the morphology
of synthesized nanoparticles of titanium dioxide. The average
size of the nanoparticles was found to be in the range 234–
270 nm, and appeared to be uniform.
2.2.4. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) study was carried
out on a Philips CM-120 electron microscopy instrument.
Nanoparticle size was conﬁrmed through TEM analysis.
Fig. 3 depicts TEM images of naive and nano-sized TiO2 par-
ticles. The micrographs show that nanoparticles are spherical
in shape conﬁrming the images of the SEM. The average size
determined from the diameter of randomly selected nanoparti-
cles ranged from 6.4 to 21 nm and it is comparable to the esti-
mated nanoparticle sizes as calculated from the XRD results.
TEM image of naı¨ve TiO2 (Fig. 3(C)), appears to be aggre-
gated and polydispersed. The size of the naı¨ve TiO2in
Fig. 3(C) is comparable to the reported size of commercial
P25 TiO2, which ranges between 21 and 30 nm. Fig. 3(D)
shows nano-sized TiO2particles, which appear to have a crys-
talline monodispersed orientation.
2.2.5. UV–Visible analysis
Spectroscopic analysis of the TiO2 ﬁlms was performed using
UV–Vis spectrophotometer (Hitachi, U-3210) in the wave-
length range of 200–800 nm.
The diffuse reﬂectance UV–VIS absorption of naı¨ve and
nano-sized TiO2 was recorded in wavelength range 200 and
800 nm to know the optical response to the visible light irradi-
ation. The spectra are presented in Fig. 4(A) and (B). These
ﬁgures show that naı¨ve and nano-sized TiO2 can absorb visible
light in the whole region from 400 to 800 nm. This fact makes
it possible to use these naı¨ve and nano-sized TiO2 as photoac-
tive catalysts under visible light irradiation.3. Results and discussion
3.1. Photocatalytic activity
An aliquot of 3.0 mL was taken out from reaction mixture at
deﬁnite time intervals and the absorbance was measured at
635 nm. It was observed that the absorbance of the reaction
mixture decreases with increasing time intervals, which indi-
cates that the concentration of methylene blue decreases with
increasing time of exposure. A plot of 2+ log A against time
was linear and follows pseudo-ﬁrst order kinetics. The rate
constant was calculated with the expression.
Figure 2 (A) XRD of naı¨ve TiO2 (B) XRD of nano-sized TiO2; (C) XPS survey spectrum Ti 2p (D) O 1s TiO2.
Figure 3 (A) SEM image of naı¨ve TiO2 (B) SEM image of nano-sized TiO2; (C) TEM image of naı¨ve TiO2 (D) TEM image of nano-sized
TiO2.
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Figure 4 UV–VIS spectra (A) and (B) for naı¨ve TiO2; (C) and (D) for nano-sized TiO2.
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Chemical oxygen demand (COD) of the reaction mixture
has been determined before and after illumination and the
photodegradation efﬁciency of the catalyst was calculated
from the following expression:
g ¼ CODbefore  CODafter
CODbefore
 100 ð2Þ
g ¼ Photodegradation efficiencyð%Þ
CODbefore ¼ COD of dye solution before illumination and
CODafter ¼ COD of dye solution after illumination
Methylene blue dye is not adsorbed on the surface of naı¨ve
and nano-sized titanium dioxide catalyst as there was no
bleaching of dye in the dark. Therefore, pH of the dye solution
was not affected and hence, decolourisation of dye was not due
to adsorption.
Typical run for the degradation of methylene blue for naı¨ve
and nano-sized titanium dioxide catalyst under optimum con-
ditions is reported in Fig. 5(A).
[Methylene blue] = 3.00 · 106 M, pH = 2.0,
Catalyst = 0.030 g, H2O2 = 0.5 mL, Light intensity =
60.0 mW cm2 (for naı¨ve TiO2) and [Methylene blue] =
3.00 · 106 M, pH = 2.5, Catalyst = 0.020 g, H2O2 = 0.4
mL, Light intensity = 60.0 mW cm2 (for nano-sized TiO2).
3.2. Effect of pH
The effect of pH (Fig. 5(B)) on the rate of degradation has
been investigated in pH range 1–4 for both naive and nano-
sized titanium dioxide catalyst keeping all other parameters
identical. It was observed that with an increase in pH, rate
of reaction increases and after attaining the maximum value
at pH 2.0 and pH 2.5 for naive and nano-sized catalyst
TiO2, respectively, rate decreases with a further increase in pH.
Increase in rate of reaction with pH up to 2.0 and 2.5 for
naive and nano-sized catalyst may be due to the fact that more
number of OH ions are available on increasing pH. As a con-
sequence of reaction between OH ions and h+ (hole), more
OH radicals are formed, which react with dye molecule todegrade it. Further increase in pH results in declining the rate
constants for both the catalysts because OH ions get
adsorbed on catalyst surface making it negatively charged
and the dye will be in its almost neutral form. Thus approach
of methylene blue towards catalyst surface is hindered.
Therefore, rate of degradation of dye decreases.
3.3. Effect of concentration of dye
The effect of variation of concentration of methylene blue
(Fig. 5(C)) on its degradation rate has been observed in the
range from 1.00 · 106 to 7.00 · 106 M for both naive and
nano-sized titanium dioxide catalyst keeping all other param-
eters identical. It has been observed that the rate of degrada-
tion increases with increasing concentration of dye up to
3.00 · 106 M for both, naive and nano-sized catalyst.
Further increase in concentration beyond this limit results in
a decrease in degradation rate.
This may be explained on the basis that, on increasing the
concentration of dye, the reaction rate increases as more mole-
cules of dyes were available but a further increase in concentra-
tion beyond 3.00 · 106 M for naive and nano-sized catalyst
causes retardation of reaction due to an increase in the number
of collisions between dye molecules whereas, collisions
between dye and OH radicals decrease. As a consequence, rate
of reaction is decreased.
3.4. Effect of amount of catalyst
The effect of variation of the amount of catalyst (Fig. 5(D))
on the rate of dye degradation has been observed in the range
from 0.010 to 0.070 g keeping other parameters identical. It is
clear from the above data that with an increase in the amount
of catalyst, the rate of degradation increases to a certain
amount of catalyst, 0.030 and 0.020 g, for naive and nano-
sized titanium dioxide catalyst, respectively. Beyond this point,
the rate of reaction decreases with an increase in the amount of
catalyst.
This may be explained by the fact that with an increase in
the amount of catalyst, the surface area of catalyst will
increase. Hence, the rise in the rate of reaction has been
observed. But for further increase in the amount of catalyst
Figure 5 Different parameters (A) typical run (B) effect of pH (C) effect of dye concentration (D) effect of amount of catalyst (E) effect
of amount of H2O2 (F) effect of light intensity.
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exposed surface area) will increase at the bottom of reaction
vessel, which was completely covered by the catalyst. As a
result, less number of hydroxyl radicals is formed and conse-
quently, reaction rate is retarded.
3.5. Effect of amount of H2O2
The effect of variation of the amount of H2O2 (Fig. 5(E)) on
the rate of dye degradation has been investigated in the range
from 0.1 to 0.7 mL for both; naive and nano-sized titanium
dioxide catalyst keeping all other parameters identical.
It has been observed that on increasing the amount of H2O2
from 0.1 to 0.7 mL for naive and nano-sized catalyst, the OH
radical concentration increases and hence rate of degradation
of dye also increases. At high H2O2 concentration, scavenging
of hydroxyl radical takes place by increased amount of H2O2
generating perhydroxyl radical (Eq. (3)). Perhydroxyl radicalis a less strong oxidant as compared to hydroxyl radical.
Therefore, the rate of degradation of dye decreases, when
amount of H2O2 was increased beyond 0.5 and 0.4 mL for
naive and nano-sized catalyst, respectively.
H2O2þOH! H2OþHO2 ð3Þ3.6. Effect of Light Intensity
The effect of light intensity (Fig. 5(F)) on the rate of degrada-
tion of dye was also studied keeping all other parameters
identical.
The data indicate that with increasing light intensity, the
rate of reaction increases and maximum rates were found at
60.0 mW cm2 for both, naive and nano-sized titanium diox-
ide catalyst. It may be explained on the basis that as the light
intensity was increased, the number of photons striking per
unit area also increases, resulting in higher rate of degradation
534 A. Pandey et al.for both. Further increase in the light intensity may start some
thermal side reactions and hence, higher intensities of light
have been avoided (see Table 1).
3.7. Mechanism
On the basis of the experimental observations and corroborat-
ing the existing literature, a tentative mechanism has been pro-
posed for the degradation of methylene blue by heterogeneous
photocatalyst. The overall mechanism of photocatalytic degra-
dation of methylene blue in the presence of TiO2 and H2O2
[28,29] can be proposed as follows:
Catalystþ hv! Catalystðe; hþÞ ð4Þ
H2O2 þ 2hþ ! O2 þ 2Hþ ð5Þ
OH þ hþ!OH ð6Þ
H2Oþ hþ ! HþþOH ð7Þ
MBþOH! Oxidation products
! ðMineralized productsÞ ð8Þ
MBþ hþ ! Oxidation products
! ðMineralized productsÞ ð9Þ
In the case of pure TiO2 also, the degradation of the dye is
signiﬁcant in sunlight unlike in the case of substrates like phe-
nol, alcohol, cresol etc. where the degradation is much slower
[30]. This may be because methylene blue can absorb visible
light and acts as a sensitizer; thereby, transferring electrons
from the excited dye molecule to the conduction band of
TiO2 [31].
DyeðadsÞ ! DyeðadsÞ ð10Þ
DyeðadsÞ  þTiO2=Pt-TiO2 ! DyeðadsÞþ
þ TiO2ðeCBÞ=Pt-TiO2ðeCBÞ
ð11Þ
DyeðadsÞþ ! Intermediates ! Oxidation=Degradation ð12ÞTable 1 Typical run for photocatalytic degradation of methylene b
Time (min.) Catalyst A1 (naı¨ve TiO2)
Absorbance 2
0 0.385 1.
10 0.243 1.
20 0.163 1.
30 0.154 1.
40 0.142 1.
50 0.130 1.
60 0.099 0.
70 0.093 0.
80 0.089 0.
90 0.086 0.
100 0.068 0.
110 0.051 0.
120 0.041 0.
Rate constant (k) (sec1) 2.The electrons are scavenged by the oxygen adsorbed on the
surface of TiO2 as in (Eq. (11)). The dye behaves like an elec-
tron donor in the excited state and injects electrons directly to
the conduction band of catalyst on irradiation.
The OH radical is a non-selective and strong oxidizing
agent with high oxidation potential, which is relatively high
as compared to common oxidizing agents like H2O2, O3, O2
etc. These OH radicals react with dye molecule and degrade
it into smaller products like CO3
2, NO3
, SO3
2, SO4
2 ions etc.
These products have been identiﬁed by their usual chemical
tests.
1½Dye !hv 1½Dye ð13Þ
1½Dye !ISC 3½Dye ð14Þ
3½Dye þ OH!Smaller products ð15Þ
The involvement of OH radicals in the reaction has been
conﬁrmed by carrying out the reaction in the presence of
OH radical scavenger, 2-propanol, where reaction rates have
been found to be drastically reduced.
Quality parameters of aqueous solution of methylene blue
have been tested before and after its photocatalytic degrada-
tion by measuring some parameters like COD, DO, conduc-
tance, salinity, TDS and pH. The results are reported in
Table 2.
3.8. Chemical oxygen demand
Chemical oxygen demand of dye solutions before and after
illumination has been determined volumetrically using
KMnO4 as an oxidant. The photodegradation efﬁciency after
2 h of illumination of methylene blue using naive and nano-
sized catalyst was found to be 75.70% and 78.60%,
respectively.
3.9. Dissolved oxygen
Dissolved oxygen analysis gives the amount of gaseous oxygen
dissolved in aqueous solution. Increase in dissolved oxygen
(from 6.6 ppm to 6.8–7.3 ppm) after photocatalyticlue.
Catalyst A2 (nano-sized TiO2)
+ log A Absorbance 2 + log A
585 0.275 1.439
385 0.219 1.340
212 0.191 1.281
187 0.182 1.260
152 0.163 1.212
113 0.155 1.190
995 0.122 1.086
968 0.107 1.029
949 0.087 0.939
934 0.077 0.886
832 0.065 0.812
707 0.057 0.755
612 0.043 0.633
70 · 103 3.05 · 103
Table 2 Quality parameters of water.
Various parameters Before photocatalytic degradation After photocatalytic degradation
Catalyst A1
(naı¨ve TiO2)
Catalyst A2
(nano-sized TiO2)
Catalyst A1
(naı¨ve TiO2)
Catalyst A2
(nano-sized TiO2)
COD (mg/L) 42.4 10.3 40.2 8.6
DO (ppm) 6.6 6.6 7.3 6.8
Conductance (lS) 114 175 218 273
Salinity (ppt) 1.17 1.93 2.14 2.35
TDS (ppm) 2.33 1.07 3.35 2.09
pH 2.0 2.5 7.25 7.14
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niﬁcant extent.
3.10. Conductance, salinity and TDS
Conductance as a summation parameter is a measure of the
level of ion concentration of a solution. Conductivity was
increased after the treatment because dye has been mineralized
into molecules/ions like CO2, NO3
 SO4
2 etc. Because of the
same reason, total dissolved solids (TDS) and salinity of the
dye solution have also been found to increase after photocat-
alytic degradation of dye.
3.11. pH
pH of reaction mixture was acidic before treatment but after
degradation of the dye, pH becomes almost neutral because
dye particles are mineralized to a signiﬁcant extent.
4. Conclusion
Naive and nano-sized titanium dioxide catalysts have been
prepared by the sol–gel method, using titanium (III) sulphate
solution and calcined at 700 C in a mufﬂe furnace. It was
observed that the amount of catalyst required (typically
around 0.025 g in 40 mL) is much below than that usually used
in earlier cases. At optimal conditions, rate of degradation of
methylene blue for naive and nano-sized titanium dioxide cat-
alyst system was obtained as; 2.70 · 103 and 3.05 · 103 s1,
respectively. During heterogeneous photocatalytic process,
OH radicals react with dye molecules and degrade them into
smaller products like H2O, CO2, NO3
 ions etc.
Nano-scale semiconductor particles possess higher surface
area-to-volume ratio than their bulk counterparts, and thus,
allow for greater photon absorption on the photocatalyst sur-
face. Moreover, recombination of the electron–hole pair
within the semiconductor particle is drastically reduced as par-
ticle size decreases. The kinetics of the photodegradation in the
presence of the nanocatalysts follows a ﬁrst-order rate model.
Acknowledgements
One of the authors (Arpita Pandey) is highly thankful to Head,
Department of Chemistry & Physics, M. L. S. University,
Udaipur and SAIF, Chandigarh for providing laboratory,
SEM and XRD facilities, respectively.References
[1] S. Malato, P. Ferna´ndez-Iba´~nez, M.I. Maldonado, J. Blanco,
W. Gernjak, Decontamination and disinfection of water by solar
photocatalysis: recent overview and trends, Catal. Today 147
(2009) 1–59.
[2] J. Yu, M. Zhou, B. Cheng, X. Zhao, Preparation,
characterization and photocatalytic activity of in situ N, S-
codoped TiO2 powders, J. Mol. Catal. A: Chem. Ed. B 246
(2006) 176–184.
[3] W.H. Glaze, J.W. Kang, D.H. Chapin, The chemistry of water
treatment processes involving ozone, hydrogen peroxide and
UV-radiation, Ozone: Sci. Eng. 9 (1987) 335–352.
[4] Techcommentary: Advanced oxidation processes for treatment
of industrial wastewater, An EPRI Community Environmental
Centre Publ. No. 1, 1996.
[5] M.R. Hoffman, S.T. Martin, W. Choi, D.W. Bahnemann,
Environmental applications of semiconductor photocatalysis,
Chem. Soc. Rev. 95 (1995) 69–96.
[6] T. Aarthi, P. Narahari, G. Madras, Photocatalytic degradation
of azure and sudan dyes using nano TiO2, J. Hazard. Mater. 149
(3) (2007) 725–734.
[7] S.K. Kansal, M. Singh, D. Sud, Photocatalytic decolourization
of direct yellow 9 on titanium and zinc oxides, J. Hazard. Mater.
141 (3) (2007) 581–590.
[8] Y. Liu, X. Chen, J. Li, C. Burda, Photocatalytic degradation of
azo dyes by nitrogen-doped TiO2 nanocatalysts, Chemosphere
61 (1) (2005) 11–18.
[9] P.V. Kamat, D. Meisel, Nanoparticles in advanced oxidation
processes, Curr. Opin. Colloid Interface Sci. 7 (2002) 282–287.
[10] M.M. Khan, S.A. Ansari, J. Lee, M.H. Cho, Highly visible light
active Ag-doped TiO2 nanocomposites synthesized using an
electrochemically active bioﬁlm: a novel biogenic approach,
Nanoscale 5 (10) (2013) 4427–4435.
[11] S.A. Ansari, M.M. Khan, S. Kalathil, A. Nisar, J. Lee, M.H.
Cho, Oxygen vacancy induced band gap narrowing of ZnO
nanostructure by electrochemically active bioﬁlm, Nanoscale 5
(19) (2013) 9238–9246.
[12] A. Naldoni, M. Allieta, S. Santangelo, M. Marelli, F. Fabbri, S.
Cappelli, C.L. Bianchi, R. Psaro, V.D. Santo, Effects of nature
and locations of defects on bandgap narrowing in black TiO2
nanoparticles, J. Am. Chem. Soc. 134 (2012) 7600–7603.
[13] G. Yang, Z. Jiang, H. Shi, T. Xiao, Z. Yan, Preparation of
highly visible light active N-doped TiO2 photocatalyst, J. Mater.
Chem. 20 (25) (2010) 5301–5309.
[14] Y. Lv, C. Pan, X. Ma, R. Zong, X. Bai, Y. Zhu, Production of
visible activity and UV performance enhancement of ZnO
photocatalyst via vacuum deoxidation, Appl. Catal. B 138
(2013) 26–32.
[15] Z. Han, V.W.C. Chang, L. Zhang, M.S. Tse, O.K. Tan, L.M.
Hildemann, Preparation of TiO2-coated polyester ﬁber ﬁlter by
536 A. Pandey et al.spray-coating and its photocatalytic degradation of gaseous
formaldehyde, Aerosol Air Qual. Res. 12 (2012) 1327–1335.
[16] K.L. Chang, K. Sekiguchi, Q. Wang, F. Zhao, Removal of
ethylene and secondary organic aerosols using UV-C254
+185 nm with TiO2 catalyst, Aerosol Air Qual. Res. 13 (2013)
619–626.
[17] S. Kalpagam, T. Kannadasa, Preparation of titanium dioxide
nanoparticles and its application in wastewater treatment, J.
Chem. Biol. Phys. Sci. 4 (3) (2014) 1936–1944.
[18] W.C. Lin, W.D. Yang, S.Y. Jheng, Photocatalytic degradation
of dyes in water using porous nanocrystalline titanium, J.
Taiwan Inst. Chem. Eng. 43 (2012) 269–274.
[19] I. Ullah, S. Ali, M.A. Hanif, S.A. Shahid, Nanoscience for
environmental remediation: a review, Int. J. Chem. Bull. Soc. 2
(2012) 60–77.
[20] Y.F. Wang, H.Y. Yen, Y.I. Tsai, H.M. Chen, C.H. Tsai, Rapid
thermal synthesis of nano titanium dioxide powders using a
plasma torch, Aerosol Air Qual. Res. 13 (2013) 1313–1320.
[21] P.S. Rao, M.K. Chowdary, M.V.S. Babu, P.G. Rao, A.S.
Prakash, Synthesis of nano titanium dioxide powder using
MWP (microwave plasma) and its characterization, Int. J. Mod.
Eng. Res. 2 (3) (2012) 1150–1156.
[22] S.T. Hayle, G.G. Gonfa, Synthesis and characterization of
titanium oxide nanomaterials using sol-gel method, Am. J.
Nanosci. Nanotechnol. 2 (1) (2014) 1–7.
[23] S. Kim, W. Choi, Dual photocatalytic pathways of
trichloroacetate degradation on TiO2: effects of nano-sized
platinum deposits on kinetics and mechanism, J. Phys. Chem.
Bull. 106 (2002) 13311–13317.[24] M. Kanna, S. Wongnawa, P. Sherdshoopongse, P. Boonsin,
Adsorption behavior of some metal ions on hydrated
amorphous titanium dioxide surface, J. Sci. Technol. 27 (5)
(2005) 1017–1026.
[25] Z. Antic, R.M. Krsmanovic, M.G. Nikolic, M.M. Cincovic, M.
Mitric, S. Polizzi, M.D. Dramicanin, Multisite luminescence of
rare earth doped TiO2 anatase nanoparticles, Mater. Chem.
Phys. 135 (2012) 1064–1069.
[26] M. Ba-Abbad, A.H. Kadhum, A. Mohamad, M.S. Takriff, K.
Sopian, Synthesis and catalytic activity of TiO2 nanoparticles for
photochemical oxidation of concentrated chlorophenols under
direct solar radiation, Int. J. Electrochem. Sci. 7 (2012) 4871–
4888.
[27] K. Thamaphat, P. Limsuwan, B.N. Gotawornchai, Phase
characterization of TiO2 powder by XRD and TEM, J. Nat.
Sci. 42 (2008) 357–361.
[28] J. Saien, H. Nejati, Enhanced photocatalytic degradation of
pollutants in petroleum reﬁnery wastewater under mild
conditions, J. Hazard. Mater. 148 (1–2) (2007) 491–495.
[29] R. Nainani, M. Chaskar, P. Thakur, Synthesis of silver doped
TiO2 nanoparticles for the improved photocatalytic degradation
of methyl orange, J. Mater. Sci. Eng. B 2 (1) (2012) 52–58.
[30] S.G. Anju, S. Yesodharan, E.P. Yesodharan,
Sonophotocatalytic degradation of phenol over semiconductor
oxides, Chem. Eng. J. 189 (2012) 84–93.
[31] S. Anandan, P. Sathishkumar, N. Pugazhenthiran, J.
Madhavan, P. Maruthamuthu, Effect of loaded silver
nanoparticles on TiO2 for photocatalytic degradation of acid
red 88, Solar Energy Mater. Sol. Cells 92 (2008) 929–937.
